Abstract-We detail the optimization of a nanobeam design and show how the fabrication imperfections can affect the optical performance of the device. Then we propose the design of a novel configuration of a photonic crystal nanobeam cavity consisting of a membrane structure obtained by sandwiching a layer of Flowable Oxide (FOx) between two layers of Silicon-Nitride (SiN) . Finally, we demonstrate that the presence of a low refractive index layer does not impair the performance of the nanobeam cavity that still exhibits a Q factor and mode volume V of the order of 10 5 and 0.02 (λ/n) 3 , respectively.
INTRODUCTION
Wavelength-scale photonic crystals (PhC) have emerged as key elements for many applications ranging from cavity quantum electrodynamics [1, 2] , low threshold lasers [3, 4] , nonlinear optics [5] [6] [7] , high performance filters [8] [9] [10] [11] , beam-splitters [12] [13] [14] and optical switches [15, 16] . In the past decade, there has been a considerable research effort to develop photonic crystal microcavities characterized by high Q-factor and small mode volume comparable to (λ/n) 3 . Since light is very difficult to localize, different solutions have been proposed in literature that exploit the strong light confinement of photonic bandgaps (PBGs) in two-dimensional (2D) PBG cavities and the total internal reflection (TIR) in one dimension -the direction perpendicular to the 2D plan [17, 18] or, alternatively, the confinement of modulated one-dimensional (1D) PBGs with 2D TIR [19] .
Recently, it has been theoretically and experimentally demonstrated that photonic crystal nanobeam (PhCNB) cavities based on different material platforms can exhibit ultra high Q and small mode volume. In [20] a Silicon-Nitride (SiN) photonic crystal nanocavity with a Q factor of 1.4 × 10 6 and a mode volume of about 0.78 (λ/n) 3 , useful for coupling to single diamond nitrogen-vacancy (NV) on a planar platform constituted by an on-chip ridge waveguide, has been designed. The fabricated nanobeam cavities [21] exhibit quality factors up to 55.000 values limited by the resolution of the grating spectrometer used for the optical characterization. In [22] the authors propose and experimentally demonstrate a deterministic method to design silicon cavities, capped with a low refractive index polymer, with Q > 10 6 that is strongly coupled to the feeding waveguide (on-resonance transmission T > 90%). The coupling between two PhCNB cavities on a SOI substrate [23] has been exploited to demonstrate reconfigurable optical filters, operating at 1550 nm, that can be dynamically and reversibly tuned over a 9.5 nm wavelength range, by applying a potential difference directly across the nanobeams that induces an attractive electrostatic force between the two membranes. Recently, a nanocavity based on a triangular cross-section has been proposed in [24] . This new configuration allows vertical confinement and better signal collection efficiency than that of slab-based nanocavities.
The aim of this paper is to shed light on the performance of a nanobeam incorporating a FOx layer that serves as hosting material for CdSe/CdS core/shell nanocrystals in the quantum dot emission wavelength range of our interest 575-595 nm. FOx is a flowable oxide than can be successfully doped with nanocrystals and can spin coated on flat surface and thermally treated in order to get solid layers. In a previous paper [25] a similar technology has been optimized for 2D Photonic Crystal cavities. In order to assess the performance of the nanobeam, in this paper we start with the optimization of the Q factor and then, by introducing fabrication imperfections compatible with the technological process, we demonstrate that a pseudo-casual disorder introduced in the taper region holes located in proximity of the nanocavity can cause a detrimental decreasing of the performances while it does not alter the nanobeam performance if placed in the mirror region. Subsequently a novel configuration of a PhCNB cavity consisting of a membrane structure obtained by sandwiching a layer of Flowable Oxide (FOx) between two layers of Silicon-Nitride is presented. We demonstrate that the presence of the low refractive index layer does not affect the performance of the nanobeam cavity that exhibits a Q factor of the order of 10 5 and small mode volume of the order of about 0.02 (λ/n) 3 . The low index layer can be exploited to host CdSe/CdS core/shell nano-emitters leading to a new class of active optical devices [25] where the colloidal nano-crystals can be chemically sensitized and deposited by spin-coating or drop-casting. These structures could be used as active material and high Q factor could lead to the realization of integrated sources for devices devoted to sensing applications.
NANOBEAM CAVITY DESIGN
Firstly, we analyzed PhCNB cavities proposed formed by a Silicon Nitride membrane suspended in air. Figure 1(a) shows the layout of the 1D photonic crystal nanobeam cavity while Figure 1(b) illustrates the refractive index profile along the y-axis and shows that the SiN thickness h is equal to 200 nm.
In the following numerical analysis, the dispersion of the SiN has not been taken into account since it can be considered constant in the range of our interest that is only tens of nanometers wide as shown subsequently. Therefore the refractive index of the SiN, n SiN has been fixed equal to 2.
The engineering process has been based on the optimization of the cavity length. The membrane width w has been fixed equal to 300 nm. The photonic crystal mirrors have been realized by means of 17 circular holes. The hole spacing p and the hole radius r have been fixed in order to centre the resonances in the range of wavelengths where chemically synthesized nanocrystals (NCs), such as CdSe/CdS core/shell nanocrystals, exhibit emission peaks [25] . The tapered regions are symmetrically located with respect to the nanocavity and each taper is constituted by 7 holes. The tapered regions have been designed in order to minimize the modal mismatch between the wire monomode and the PhC mirror Bloch mode [26] that show different effective refractive indexes. Therefore the taper allows an adiabatic transition between these two modes obtaining, as a result, the decreasing of the scattering losses. The nanocavity is localized between two mirror/taper sections and L c defines the cavity length ( Figure 1(a) ).
The numerical analysis of these structures has been performed by a three-dimensional Finite Difference Time Domain (FDTD) code [27] . Since the nanobeam is completely symmetric with respect to the origin, the computational domain has been reduced by a factor equal to 1/8 and even symmetric conditions for the E z component of the electric field has been added along the three axes at x = 0 µm, y = 0 µm and z = 0 µm, respectively. Moreover the computational domain has been bounded by perfectly matched layers (PMLs) on top and on the sides of the nanobeam surrounded by air. The computational mesh has a grid step of p/16 along each axis to capture the effects of field penetration on the dielectric regions. It is worth pointing out that this spatial resolution is adequate for the determination of the Q factor since a grid step of p/16 and p/24 along each axes leads to the same results. The source field has the following components E x , H y , E z and the wave rises from a total field/scattered field (TF/SF) section placed in the middle of the cavity in a random low-symmetry position (e.g., x = 0.026 µm, y = 0.05 µm and z = 0.01 µm) in order to facilitate the computing of the Q factor as shown hereinafter. The input wave has a sinusoidal time dependence, whose free-space wavelength is centred at 585 nm, and it is modulated by a Gaussian signal. Finally a time monitor for the evaluation of the spectral response and Q factor has been placed in the cavity: also in this case, the position has been chosen in order to avoid symmetric position.
We estimate the resonant wavelength and the cavity Q factor, defined as Q = ω 0 τ where τ = (stored energy/power lost) is the characteristic decay time in the cavity, by means of an Advanced Harmonic Analysis based on the Padè interpolation of the Discrete Fourier Transform (DFT) of the computed mode profile for both E and H field components [27] . Moreover we evaluate the conventional mode volume V given by the ratio of the total electric field energy to the maximum of the electric field energy density [27] .
We start our analysis by locating the nanobeam resonance wavelength in the quantum dot emission range of our interest (575-595 nm) [25, 28] , adopting a geometrical configuration characterized by the following parameters: hole spacing p = 222 nm, hole radius r = 70 nm, tapering region constituted by 7 holes with a linear increase of the hole radius in the range 55-70 nm and of the hole spacing in the range 190-222 nm, respectively. Table 1 reports the simulation results when the cavity length L c is varied in the range from 65 nm to 92 nm. As we can infer from these data the optimum evaluated Q-factor is equal to 855270, while the mode volume V is equal to 0.016 (λ/n) 3 for a cavity length L c = 77 nm. It is worth stressing that when L c is varied, the resonant wavelength Λ experiences a slight red-shift but falls always within the range of our interest. Moreover Table 1 reports also the Purcell factor, F p = 3/(4π 2 )(λ/n) 3 Q/V , showing that the maximum value occurs at the maximum value of the Q factor. It is worth noting that this behavior is valid for all the nanobeams that will be presented hereinafter therefore the following analysis will be only related to the Q factor examination. Figure 2 shows the plot of the Q factor and the mode volume when the cavity L c is varied confirming that the better result has been obtained for the PhCNB cavity resonating at 581 nm. Moreover the plot illustrates that the Q-factor curve assumes a bell-shaped curve Table 1 . Q-factor, mode volume V , resonant wavelength Λ and Purcell factor for the nanobeam structure characterized by a total membrane height h = 200 nm, in absence of the FOx layer, as a function of the cavity length L c . with a relative maximum point at the optimum cavity length typical of this type of PhCNB [29] while the mode volume V varies linearly in the range 0.013-0.020 (λ/n) 3 .
EFFECT OF THE FABRICATION IMPERFECTIONS
The proposed device can be fabricated, following a similar technological protocol reported in [25] , by means of six main steps a)-f): a) an initial SiN layer could be deposited by means of Plasma Enhanced Chemical Deposition on a Silicon substrate and subsequently b) a FOx layer, containing the active material, could be spin coated. At this stage the FOx layer could be thermally treated in order to get a solid layer. Subsequently c) a second layer of SiN could be deposited with the same technological step. The layout, defined by the geometrical parameters, could be transferred by means of d) an Electron Beam Lithography (EBL) step to a positive electronic resist that can be employed as a mask for the following e) etching process. Finally the membrane could be released by f) removing the Silicon substrate in a KOH-based solution bath. This fabrication protocol can introduce fabrication imperfection due to the disorder that can be related to the spatial position and the size of the PhC holes, respectively. The former is related to the stability of the electron beam while the latter is mainly related to the area dose during the exposure step, respectively. In this paragraph the effect of the fabrication imperfection will be analyzed. In particular, the nanobeam cavity characterized by hole spacing p = 222 nm, hole radius r = 70 nm, L c = 77 nm, has been considered to verify how much the fabrication imperfections can influence the structure performances. The analysis has been performed by introducing some disorder in the structure, i.e., pseudo-casual Table 2 . Q factor and mode volume V as a function of the disorder introduced on the hole spacing p. changes of the hole spacing p and of the hole radius r. The error sequences have been generated by introducing new variables, namely Sx and Rx, which define, respectively, the change of the hole spacing ∆p = p unmodified − p disorder , i.e., the shift (towards the right or the left along the x-axis, as a function of the sign of Sx ) of the hole centre with respect to the original location, and the change of the hole radius ∆r = r unmodified − r disorder . Table 2 reports the evaluated Q factor and mode volume V as a function of the disorder introduced on the hole spacing p when different sequences of Sx are considered. In particular the table resumes the results obtained for the sequences Sx where the ∆p is varied in the range (−2 nm, −1 nm, 0 nm, +1 nm, +2 nm). The disorder is introduced only in the mirror regions or in the taper regions and finally in both regions. Finally the order of the error offset follows the position of the hole in the mirror and taper regions, respectively. It is worth stressing that these values have been adopted because they refer to the error introduced by a standard electron beam lithography process.
Disorder Position Error offset
As can be infered, the disorder introduced in the mirror does not alter the performance of the structure. On the contrary there is a dramatic decrease of the Q factor when the disorder is introduced in the taper region, also in the case of little changes of the hole spacing, since the matching condition is lost. Moreover the Q factor decreasing is more evident when the disorder affects the holes located in proximity of the cavity. In order to emphasis this trend, the zeros closer to the nanocavity have been highlighted in bold in Table 2 . Table 3 reports the evaluated Q factor and mode volume V as a function of the disorder introduced on the hole radius r when different sequences of Rx are considered. In particular the table Table 3 . Q factor and mode volume V as a function of the disorder introduced on the hole radius r for Rx = 5 nm (italic) and Rx = 2 nm (normal), respectively.
Disorder Position
Error offset Q V (λ/n) 3 Even if the nanobeam cavity, previously analysed and characterized by hole spacing p = 222 nm, hole radius r = 70 nm and L c = 77 nm, shows a high quality factor, the geometrical parameters limit the effective realization of the device since a) the cavity length is very short, b) the Q factor varies very rapidly when the L c is changed and c) the minimum distance between the edge of two adjacent holes is only about 82 nm. It is worth pointing out that a very high aspect ratio is desired when dealing with PhC holes and hence the hole vertical sidewalls must be very vertical. In the technology process optimization it can be found that usually V-shaped holes or holes that are enlarged in the middle can be obtained. Consequently a larger distance between two adjacent holes can facilitate the fabrication process and avoid the membrane collapse. Therefore the device has been optimized varying simultaneously the period and the radius in the following procedure: firstly the radius has been modified in order to keep the difference between the two outer holes constant and equal to 15 nm; subsequently the period has been changed in order to place the resonant wavelength of the nanobeam in the quantum dot emission wavelength range of our interest (575-595 nm).
Taper
Following these procedures, two different nanobeams have been optimised: A) p = 218 nm, r = 65 nm, and B) p = 215 nm, r = 60 nm, respectively. Figure 3 proves that the two configurations reach a Q factor of 9.1482 10 5 and 9.2984 10 5 for the nanobeams A and B, respectively.
The comparison of the plots shown in Figures 3(a) , 3(b) reveals that the best candidate is the nanobeam B since 1) the high Q factor values (+10%) are reported in the range 85-100 nm, 2) L c = 91 nm (+24%) and 3) the minimum distance between two adjacent holes is equal to 95 nm (+16%).
Starting from this optimized design, the effect of the introduction of the FOx layer on the nanobeam B performance has been analysed. In order to resolve adequately the presence of the FOx layer, the grid step of p/48 along the y-axis has been adopted. Figure 4(a) shows the new refractive index profile in y-axis direction while the arrangement and the position of the holes in the xz-plane is the same as in the sketch reported in Figure 1(a) . The nanobeam is obtained by sandwiching a layer of FOx (refractive index, n FOx is equal to 1.4) between two layers of Silicon Nitride. Figure 4 (b) shows the linear behaviour of the Q factor when the FOx layer thickness t is varied in the range 0 nm to 60 nm with a step of 10 nm. As one can infer from the plot inspection, the introduction of the FOx layer does not deteriorate the nanobeam performance since the Q factor value is still high. Moreover Figure 4 (c) also demonstrates that the nanocavity resonant wavelength experiences a shift toward lower wavelength while the mode volume rises when the FOx layer thickness is increased. These results show that a nanobeam with FOx layer thickness of 10 nm shows a Q factor, a mode volume V , and a resonant wavelength equal to 8.7 10 5 (only 6% less), 0.01775 and 577 nm, respectively. Therefore the nanobeam consisting of a low refractive index layer sandwiched between two SiN layers is still able to realize a very high Q factor nanocavity and revealing high performance comparable (even better if the mode volume is considered) with the nanobeam B previously reported.
CONCLUSION
In this paper, the effect of the fabrication imperfections, compatible with the technological process, on the performances of a nanobeam PhC cavity has been discussed. We demonstrate that a pseudo-casual disorder introduced in the taper region holes located in proximity of the nanocavity can cause a detrimental decreasing of the performances while it has a smaller impact if localized in the mirror region. These findings are in agreement with the experimental results reported in literature where designed Q factor of the order of 10 6 falls down to value of the order of 10 4 -10 5 when real devices are considered. Finally, we propose the design of a novel configuration of a photonic crystal nanobeam cavity consisting of a membrane structure obtained by sandwiching a layer of Flowable Oxide between two layers of SiliconNitride. We demonstrate that the presence of the low refractive index layer does not affect the performance of the nanobeam cavity that exhibits a Q factor of the order of 10 5 and a small mode volume of about 0.017-0.019 (λ/n) 3 in the range of our interest. These results show how the technology protocol developed in previous works [25, 28] can be applied to the realization of nanobeams that exhibit Q factor of the order of 10 5 -10 6 and a small mode volume with FOx layer thicknesses consistent with technological process such as spin-coating (about few nanometers). These outcomes pave the way for new devices where nanoemitters such as nano-crystals and quantum dots can be integrated in passive structures for different applications ranging from QED, new optical sources up to active devices with simple and very controllable fabrication processes.
